Sekiguchi-Tonosaki M, Obata M, Haruki A, Himi T, Kosaka J. Acetylcholine induces Ca 2ϩ signaling in chicken retinal pigmented epithelial cells during dedifferentiation.
Because these dedifferentiated cells can either revert to pigmented epithelial cells or transdifferentiate into lens cells and/or neurons, they are recognized as candidates for lens and retinal cell regeneration. The purpose of the present study was to elucidate the signal transduction pathways between chicken retinal pigmented epithelial cells and their dedifferentiated intermediates. We monitored intracellular Ca 2ϩ concentrations using Fluo-4-based Ca 2ϩ optical imaging and focused on cellular responses to the neurotransmitter acetylcholine. Muscarinic Ca 2ϩ mobilization was observed both in retinal pigmented epithelial cells and in dedifferentiated cells, and was inhibited by atropine. The muscarine-dependent acetylcholine response depended on Ca 2ϩ release from intracellular Ca 2ϩ stores, which was completely blocked by thapsigargin. In contrast, the nicotine-dependent acetylcholine response that led to Ca 2ϩ influx through L-type Ca 2ϩ channels was inhibited by ␣-bungarotoxin and attenuated by nifedipine, and it was detected only in the dedifferentiated intermediates. Application of (S)-(-)-BayK8644 elevated intracellular Ca 2ϩ both in retinal pigmented epithelial cells and in dedifferentiated intermediates; however, the nicotinic response was not observed in pigmented epithelial cells. Another L-type Ca 2ϩ channel blocker, diltiazem, also blocked the nicotine-dependent acetylcholine response in dedifferentiated cells and maintained the epithelial-like morphology of retinal pigmented epithelial cells. Our results indicate that an alternative acetylcholine signaling pathway is used during the dedifferentiation process of retinal pigmented epithelial cells.
Ca
2ϩ optical imaging; Fluo-4; transdifferentiation; nicotinic acetylcholine receptor; L-type Ca 2ϩ channel STABLE TISSUE CELLS, REPRESENTED by various glandular tissues and hepatocytes, preserve their physiological function but retain dormant proliferative capacity in normal conditions. Pigmented epithelial (PE) cells of vertebrate eyes originate from the outer wall of the optic cup, a protrusion of the neural tube, and can be classified as stable tissue cells in adulthood. PE cells can transform from differentiated phenotypes in vivo and in vitro, depending on extracellular conditions (5, 6) . In newts, after surgical removal of the neural retina and lens from the eyeball, the neural retina has been shown to regenerate from retinal PE (RPE) cells and the lens regenerates from the dorsal part of iris PE (IPE) cells. Eguchi and coworkers clearly demonstrated that RPE in some vertebrates, including chicken and human, transdifferentiate into lens cells in culture (6, 31) . In chickens, neuronal phenotypes have also been observed among cells derived from RPE cells in early embryonic stages (2, 20) and from IPE cells in culture (29) . From these observations, PE cells have been recognized as cell source candidates for retinal regeneration trials (29) . It is widely recognized that PE cells become bipotent dedifferentiated cells at least once, before transdifferentiation into lens cells and/or neurons. The occurrence of dedifferentiated cells [dedifferentiated retinal pigmented epithelial cells (deRPE)] during transdifferentiation of chicken RPE cells into lens cells in vitro has been well documented (10, 11, 13) . This in vitro culture system is a powerful tool for analyzing transdifferentiation of stable tissue cells into other cellular phenotypes (18) .
The mechanisms underlying dedifferentiation and transdifferentiation of RPE cells have been studied at the molecular and cellular levels (1, 15) . Expression of the pigment cellspecific transcription factor Mitf has been clearly demonstrated to be downregulated during dedifferentiation (15) . In contrast, the proto-oncogene c-myc and members of the crystalline family of genes, which are lens cell markers, have been shown to be upregulated during transdifferentiation (1) . However, the intracellular signaling pathways that define the fate of RPE cells that undergo transdifferentiation are unknown.
It is widely suggested that RPE cells exhibit neuronal potential even in higher vertebrates due to their developmental origin and transdifferentiation into neural retina in newts (5) and early chick embryos (2, 20) . Induction of the neuronal phenotype from RPE cells in vitro has been reported in several vertebrates. Sakai and Saito (24) detected neuronal Na ϩ and Ca 2ϩ channels in cultured newt RPE cells using a whole cell patch-clamp technique. Zhao and Barnstable reported that cultured rat embryonal RPE cells with basic fibroblast growth factor (bFGF) exhibited immunoreactivities against rod, amacrine, and ganglion cell marker antibodies (38) . However, the intracellular events pertaining to signal transduction and neurotransmission during RPE dedifferentiation have not yet been studied.
Because dedifferentiation is considered a pivotal event in transdifferentiation, we examined the intracellular Ca 2ϩ response to acetylcholine, an extracellular signaling factor with distinct effects on embryonic and nonneuronal cells from classical neurotransmission (26, 33, 37) . We can elucidate the intracellular signaling pathway enhanced during RPE cell dedifferentiation by analyzing cellular response to extracellular acetylcholine, in not only well-differentiated RPE cells but also in deRPE cells. Our findings delineate cell signaling events germane to both RPE and deRPE cells, thereby advancing our understanding of the intracellular processes that control transdifferentiation of stable tissues.
MATERIALS AND METHODS
Culture media. Eagle's modified minimum essential medium (Nissui, Tokyo, Japan) was used as the basic culture medium for RPE cells and was supplemented with 10% fetal bovine serum (FBS; lot no. 1355888, Invitrogen-GIBCO, Carlsbad, CA), 2 mM L-glutamine, and 26 mM sodium bicarbonate, and we refer to this basic medium as "EMEM" in this study (11) . To permit RPE cell dedifferentiation, EMEM was additionally supplemented with 0.5 mM phenylthiourea (PTU; Wako Pure Chemical, Osaka, Japan) and 10 ng/ml bFGF (recombinant human fibroblast growth factor-basic: PeproTech, Rocky Hill, NJ), and we refer to this dedifferentiation medium as "EPF" in this study (10, 15) .
Preparation of cells and cell culture. Conventionally raised chicken eggs from local farms were incubated for 9 days at 37°C in a humidified atmosphere. All animal experiments were conducted in strict accordance with institutional guidelines and the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) , and all experimental protocols were approved by the Animal Research Committee of Okayama University. Chicken embryos were staged according to Hamburger and Hamilton (9) . PE sheets were prepared from the posterior portion of the eyes according to a previous publication (13) . Briefly, after removal of the cornea, lens, vitreous body, and neural retina from the eye cups, the eye cups were incubated in 0.1% EDTA in Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline (CMF-PBS) for 30 min at room temperature. The RPE layers were carefully isolated from the underlying choroidal layers with forceps and then incubated in CMF-PBS containing 0.1% trypsin (BD Microbiology Systems-Difco Laboratories, Palo Alto, CA) for 7 min at 37°C. The trypsin reaction was terminated via dilution with four reaction volumes of EMEM supplemented with 10% FBS. The cells were then centrifuged and resuspended in EMEM.
Approximately 5 ϫ 10 5 RPE cells were seeded in 2.0 ml of EMEM in 35-mm culture dishes (the equivalent of two eyes per dish) (Corning, Corning, NY). After 3-4 days, these primary cultures reached confluency and were washed once with 0.1% EDTA solution and then harvested by CMF-PBS containing 0.1% trypsin for 7 min at 37°C. After deactivation of trypsin, secondary cultures were established by transferring the cells to EPF medium at an inoculum size of 2 ϫ 10 6 cells per 100-mm dish, to induce dedifferentiation. All cultures were incubated at 37°C in a humidified chamber under 5% CO 2, and the medium was replaced every day throughout the culture period.
Before imaging was performed, cells were transferred to 35 A 150-W xenon lamp was used for fluorescence excitation (450 -490 nm) of cells, and 16-bit fluorescence images (512 ϫ 512 pixel; 2 ϫ 2 binned) were obtained using a cooled charge-coupled device (CCD) camera (Orca ER; Hamamatsu Photonics) connected to microscope with an oil-immersion objective lens (Fluor ϫ40, oil, numerical aperture 1.30; Zeiss). A series of images (exposure time: 120 ms) was acquired at 2-s intervals. Between exposures, excitation light was blocked using a filter exchanger (C8214; Hamamatsu Photonics) to avoid potential cell damage. Images were analyzed using processing software (Aquacosmos, Hamamatsu Photonics). channel blocker), thapsigargin (T9033; an endoplasmic reticulum Ca 2ϩ -ATPase inhibitor that promotes Ca 2ϩ depletion from intracellular stores by preventing their reloading), and (ϩ)-cis-diltiazem hydrochloride (D2521, another L-type Ca 2ϩ channel blocker) (27, 30) were all purchased from Sigma-Aldrich. Stock solutions of 20 mM acetylcholine, 2 mM muscarine, 2 mM nicotine, 100 M ␣-bungarotoxin, and 10 mM d-tubocurarine were prepared in NBS and kept in a refrigerator before use. Stock solutions of 4 mM atropine, 1 mM nifedipine, and 3 mM BayK8644 were prepared in ethanol and kept in a refrigerator before use. Thapsigargin (1 mM) was prepared in dimethyl sulfoxide just before use. A test solution was prepared from the stock solution before the experiment. High K ϩ NBS (in mM: 37 NaCl, 105 KCl, 2.5 CaCl2, 1 MgCl2, 10 HEPES, and 22 glucose; pH adjusted to 7.3 using NaOH) and Ca 2ϩ -free NBS (in mM: 139.5 NaCl, 5 KCl, 1 MgCl2, 10 HEPES, 22 glucose, and 1 EGTA; pH adjusted to 7.3 using NaOH) were used where indicated. Agonist solutions were puffed into the areas near cells mildly but not directly to the cells, using P-200 Gilson Pipetman with a maximum effective volume of 50 l (final 1 ml total solution) as previously described (32) . For experiments testing the effects of nifedipine, diltiazem, BayK8644, and both agonists, muscarine and nicotine, on [Ca 2ϩ ]i ( Samples were thoroughly washed with NBS between test solution applications.
Statistical analysis. Each experiment was performed in a total of 3-28 dishes, and we assessed responses among those dishes. At least 10 cells per each dish were randomly selected and monitored for Ca 2ϩ concentration. The total number of all imaged cells in each experiment is indicated as n. The mean value of F max/F0, showing the effects of reagents, was obtained from each value of all imaged cells (n) including nonresponders, and the mean duration was calculated from each duration of Ca 2ϩ response in the cells excluding nonresponders (Ͻ1.2 Fmax/F0). The number of responders is indicated as nЈ, and the number of traced dishes is indicated as N. We obtained consistent results in all series of independent experiments. Statistical comparisons for F max/F0 for the nicotinic response were made using the Mann-Whitney U-test between RPE and deRPE, and the significance was evaluated when P values Ͻ 0.01. All numerical data are presented as means Ϯ SD.
RESULTS

Morphology of RPE and deRPE cells.
Primary RPE cells from chick embryos reconstructed their morphological character in culture, consistent with previous reports (11, 13) . The polygonal RPE cells formed a monolayer sheet with heavy pigmentation on plastic culture dishes (Fig. 1, A and D) . They were used for imaging, after transfer onto glass-bottom dishes. After RPE cells were transferred as a secondary culture into EPF medium, they gradually became depigmented and began to proliferate (Fig. 1, G-K) , eventually losing melanin granules and polygonal structure (Fig. 1, B and E) . Transmitted light observation for the process of RPE dedifferentiation clearly showed that initial heavy pigmentation gradually disappeared during the culture period in EPF medium (Fig. 1, L-P) . On culture day 20 with EPF, transmitted light microscopic observation revealed no melanin granules in the cells (Fig. 1O) , and phase contrast microscopic observation revealed nonepithelialshaped cells (Fig. 1J) . At this stage, piles of cell clusters were also observed in culture (Fig. 1B) and were defined as deRPE (dedifferentiated RPE) in this study. Some deRPE cells were transferred into either EMEM or EPF to confirm their bipotency on plastic culture dishes, whereas others were transferred as a tertiary culture onto glass-bottom dishes and used for imaging. After more than 2 wk, deRPE cells cultured in EMEM redifferentiated into RPE cells (Fig. 1C) , and deRPE cells cultured in EPF transdifferentiated into lens cells (Fig.  1F) . This bipotency was consistent with the previous report (11) . The culture method for efficient transdifferentiation from RPE cells to neurons has not been established on this culture system.
Acetylcholine triggers Ca 2ϩ release from Ca 2ϩ stores through muscarinic acetylcholine receptors. The cytoplasmic Ca 2ϩ responses against acetylcholine were evaluated with Fluo-4-mediated Ca 2ϩ imaging in RPE and deRPE. Acetylcholine (20 mM) was puffed into RPE cell cultures in NBS (1 mM acetylcholine final). This resulted in a transient [Ca 2ϩ ] i elevation in RPE cells in the presence of 2.5 mM extracellular Ca 2ϩ , determined by an increase in Fluo-4 fluorescence (Fig. 2C) . RPE cells reformed a polygonal epithelial sheet on the glassbottom dish (Fig. 2A) . The maximal fluorescence change (F max /F 0 ) was 1.8 Ϯ 0.5-fold with a mean duration of 40 Ϯ 20 s (n ϭ 140 cells imaged, nЈ ϭ 131 responders for acetylcholine, N ϭ 8 dishes). The deRPE cells, which maintained morphologies distinct from RPE cells on the glass-bottom dishes, also exhibited Ca 2ϩ mobilization, following puff application of 20 mM acetylcholine (1 mM final concentration) with a 2.7 Ϯ 0.6-fold maximum fluorescence change (F max /F 0 ) and a mean duration of 50 Ϯ 10 s (n ϭ 270 cells imaged, nЈ ϭ 265 responders, N ϭ 9 dishes, Fig. 2, B and D) . When we carried out imaging for RPE, melanin granules perturbed the cytoplasmic fluorescence, and thus it was occasionally difficult to detect their cytoplasmic fluorescence exactly and clearly in individual RPE cells at the lower acetylcholine concentration (ϳ100 M). Therefore, we used a higher concentration of acetylcholine (1 mM), because the majority of cells then showed a clear response (39) .
Preincubation of RPE cells with 10 nM atropine (muscarinic acetylcholine receptor antagonist) completely inhibited the observed acetylcholine-induced Ca 2ϩ mobilization (n ϭ 110 cells imaged, N ϭ 5 dishes; Fig. 3, A and C) . , N ϭ 3 dishes, Fig. 3, B and D) . Puff application of 2 mM muscarine solution to both cell types (100 M final) also resulted in an increase of [Ca 2ϩ ] i (Fig. 3, E and  F) . The maximal fluorescence change (F max /F 0 ) of the muscarine-dependent acetylcholine response in RPE cells was 2. Fig. 3E ), whereas in deRPE cells the maximal fluorescence change (F max /F 0 ) in response to muscarine was 2.4 Ϯ 0.7-fold with a mean duration of 50 Ϯ 10 s (n ϭ 422 deRPE cells imaged, nЈ ϭ 413 responders, N ϭ 16 dishes, Fig. 3F ). The muscarine-dependent acetylcholine response in both cell types was completely inhibited by preincubation with atropine (n ϭ 31 RPE cells imaged, N ϭ 3 dishes, Fig. 3G ; n ϭ 178 deRPE cells imaged, N ϭ 3 dishes, Fig. 3H ).
The muscarine-induced Ca 2ϩ response observed in both RPE and deRPE cells was not inhibited in the absence of extracellular Ca 2ϩ (n ϭ 219 RPE cells imaged, nЈ ϭ 202 responders for muscarine, N ϭ 8 dishes, Fig. 4A ; n ϭ 159 deRPE cells imaged, nЈ ϭ 144 responders, N ϭ 7 dishes, Fig.  4B ), but it was completely inhibited by preincubation with 500 nM thapsigargin, which depleted Ca 2ϩ stores, preventing release of intracellular Ca 2ϩ , in both cell types (n ϭ 126 RPE cells imaged, N ϭ 6 dishes, Fig. 4C ; n ϭ 125 deRPE cells imaged, N ϭ 4 dishes, Fig. 4D ). These data suggest that acetylcholine triggered Ca 2ϩ release from Ca 2ϩ stores in both RPE and deRPE cells through activation of the muscarinic acetylcholine receptor.
Nicotine elevates cytoplasmic Ca 2ϩ in deRPE cells. Because deRPE cells exhibited acetylcholine-induced [Ca 2ϩ ] i elevation that was not inhibited by atropine (Fig. 3D) , we examined the nicotine-dependent acetylcholine response in these cells. Puff application of 2 mM nicotine (100 M final) induced transient [Ca 2ϩ ] i elevation in deRPE cells (Fig. 5, B and D) . The maximal fluorescence change (F max /F 0 ) of the nicotine-dependent acetylcholine response was 2.4 Ϯ 0.8-fold with a mean duration of 30 Ϯ 20 s (n ϭ 417 deRPE cells imaged, nЈ ϭ 368 responders for nicotine, N ϭ 28 dishes, Fig. 5D ). In contrast, application of 100 M nicotine did not alter the Ca 2ϩ response in RPE cells (F max /F 0 ϭ 1.0 Ϯ 0.1, n ϭ 230 RPE cells imaged, nЈ ϭ 3 responders for nicotine in RPE, N ϭ 23 dishes, Fig. 5,  A and C) . There was a significant difference in the F max /F 0 between deRPE and RPE (P Ͻ 0.01, Mann-Whitney U-test). The nicotine-dependent acetylcholine response was completely blocked in the absence of extracellular Ca 2ϩ (n ϭ 60 cells imaged, N ϭ 6 dishes, Fig. 5E ). Preincubation of deRPE cells with the nicotinic acetylcholine receptor antagonists, 10 nM ␣-bungarotoxin (Fig. 5F ) or 100 M d-tubocurarine (Fig. 5G) , attenuated the nicotinic acetylcholine response (n ϭ 40 cells imaged, N ϭ 4 dishes, Fig. 5F ; n ϭ 85 cells imaged, N ϭ 3 dishes, Fig. 5G ).
To detect expression of the nicotinic acetylcholine receptor only in deRPE cells, we tried to label ␣-bungarotoxin-binding sites in RPE and deRPE cells using Alexa 488-conjugated ␣-bungarotoxin. As shown in Fig. 6B , positive fluorescence showing ␣-bungarotoxin-binding site was detected only in deRPE cells. There was diffuse fluorescence on the cell surface with conspicuous labeling of the cell membrane among deRPE cells. For RPE cells, only faint background fluorescence was detected (Fig. 6A) . These histochemical results support the We also examined treatment of RPE and deRPE cells with the L-type Ca 2ϩ channel activator BayK8644. Using a washout chamber, 105 mM KCl was applied to cell cultures in the presence of 5 M BayK8644 and resulted in transient [Ca 2ϩ ] i elevation in both RPE and deRPE cells (n ϭ 208 RPE cells imaged, nЈ ϭ 144 responders for BayK8644 ϩ high K ϩ , N ϭ 4 dishes, Fig. 7C ; n ϭ 216 deRPE cells imaged, nЈ ϭ 209 responders, N ϭ 4 dishes, Fig. 7E ). In the absence of BayK8644, cytoplasmic Ca 2ϩ fluorescence in RPE cells was not detectable at high K ϩ concentrations ([K ϩ ]; n ϭ 374 cells imaged, N ϭ 13 dishes, Fig. 7B ). However, in deRPE cells, smaller Ca 2ϩ fluorescence response without BayK8644 than that with BayK8644 was induced by application of 105 mM KCl (n ϭ 323 cells imaged, nЈ ϭ 211 responders for high K ϩ only, N ϭ 11 dishes, Fig. 7D ). From these findings, we suggest that both RPE and deRPE cells expressed potentially active L-type Ca 2ϩ channels; however, we cannot rule out the possibility that other voltage-dependent Ca 2ϩ channels also appeared to be active and/or that more L-type Ca 2ϩ channel expressed in deRPE cells than RPE cells, because a small Ca 2ϩ response was detected in deRPE cells with high K ϩ in the absence of BayK8644 (35) .
To investigate whether individual deRPE cells exhibit both nicotinic and muscarinic Ca 2ϩ responses, or whether these responses are mutually exclusive, we applied agonists for both types of signals to deRPE cells using a washout chamber. Figure 8 , A and B, shows that application of 100 M muscarine solution triggered Ca 2ϩ mobilization in three deRPE cells; after the solution was completely washed out, application of 100 M nicotine solution induced Ca 2ϩ influx (n ϭ 255 cells imaged, nЈ ϭ 197 responders for both agonists, N ϭ 21 dishes). Next, we tried to detect whether the Ca 2ϩ response induced by an agonist could be blocked with the opposite antagonist (nicotine ϩ atropine, muscarine ϩ ␣-bungarotoxin). Figure 8C shows that atropine blocked the nicotinic acetylcholine Ca 2ϩ response. Among the 148 deRPE cells exhibiting a Ca 2ϩ response to 1 mM nicotine in five dishes, 1 M atropine blocked the response in 22 cells but did not block it in 126 cells (n ϭ 153 cells imaged, nЈ ϭ 148 responders for nicotine, N ϭ 5 dishes). In contrast, the Ca 2ϩ response induced by 1 mM muscarine was not inhibited with 10 nM ␣-bungarotoxin in both RPE and deRPE cells (n ϭ 133 RPE cells, nЈ ϭ 125 responders for muscarine, N ϭ 4, Fig. 8D ; n ϭ 99 deRPE cells, nЈ ϭ 94 responders, N ϭ 3 dishes, Fig. 8E ). From these findings, we strongly suggest that the increase in [Ca 2ϩ ] i induced by acetylcholine is mediated by activation of both muscarinic and nicotinic acetylcholine receptors in deRPE cells, and that Ca 2ϩ elevation observed in response to nicotine was due to activation of the cognate receptor but potentially also to cross-over through activation of muscarinic acetylcholine receptors (39). Functional assay. Another Ca 2ϩ channel blocker, 50 M diltiazem, attenuated the nicotine-dependent acetylcholine response in deRPE cells as efficiently as nifedipine (n ϭ 93 cells imaged, N ϭ 3 dishes, Fig. 9A ) but did not inhibit the muscarine-dependent acetylcholine response in RPE cells (n ϭ 105 cells imaged, N ϭ 3 dishes, Fig. 9B ). When RPE was cultured in EPF medium containing PTU and bFGF for 2 wk in the presence of 50 M diltiazem, the RPE cells lost pigmentation but maintained the morphology of epithelial-like polygonal cells (Fig. 9D) , compared with the nonpolygonal morphology and dedifferentiated phenotypes of deRPE cells cultured with PTU and bFGF without diltiazem (as a control; Fig.  9C ). Thus, the blockage of Ca 2ϩ channels by diltiazem maintained the epithelial-like morphology of RPE cells even in the presence of PTU and bFGF.
DISCUSSION
In this study, we have demonstrated alteration of the acetylcholine-induced Ca 2ϩ signaling pathways during RPE cell dedifferentiation. The schematic representation shown in Fig. 10 indicates that in RPE cells, Ca 2ϩ release from Ca 2ϩ stores is mediated by the muscarinic acetylcholine receptor, whereas in deRPE cells, Ca 2ϩ influx is also enhanced through L-type Ca 2ϩ channels, an effect mediated by nicotinic acetylcholine receptors. Induction of the Ca 2ϩ signaling pathway in differentiated cells derived from stem cell systems has been previously demonstrated (3, 25) . However, the present study is the first to report a conversion of the intracellular Ca 2ϩ signaling pathways during transdifferentiation of stable tissue cells, specifically during the dedifferentiation process.
Acetylcholine response in RPE and deRPE cells. We suggest that [Ca 2ϩ ] i elevation induced by acetylcholine is an important indicator of RPE differentiation in vivo. Our results suggest that fully differentiated RPE cells in vivo possess acetylcholine responses, because the cultured RPE used in this study formed polygonal epithelial sheet characteristic to adulthood in vivo. Fisher et al. (7) localized muscarinic acetylcholine receptor immunoreactivity in tissue sections of the neural retina and the RPE layer in chickens. Together with our data, these findings suggest the importance of the signaling system between extracellular acetylcholine and the muscarinic acetylcholine receptor in RPE cells in vivo.
The physiological role of acetylcholine in neurotransmission is well established in the neuromuscular junction, the parasympathetic system, and the central nervous system. Several reports have suggested that the response of embryonic and nonneuronal cells to acetylcholine is distinct from the classical system used in neurotransmission (26, 33, 37) . In this study, the muscarinic response was observed not only in polygonal and spreading RPE but also in deRPE cells. Several papers have described that the activation of muscarinic acetylcholine receptors supports physiological functions specific for the differential phenotypes of RPE cells, such as the ability to mediate the light adaptive movement of pigment granules and phosphoinositide turnover (19, 22) . In addition to the present study, several reports have described [Ca 2ϩ ] i elevation through the muscarinic acetylcholine receptor in RPE cells derived from a variety of sources including embryos and matured vertebrates tissues (8, 16) . Mangini et al. (14) pointed out that in tissue cells there is Ca 2ϩ buffering by uptake into internal compartments or binding to soluble proteins (e.g., melanin in the case of the RPE cells) (4) . Because RPE cells locate as a border and transport substances between the choriocapillary and retinal photoreceptor layers, Ca 2ϩ mobilization via the muscarinic acetylcholine receptor in RPE cells may be critical for inter-and intracellular signaling transduction (8) .
Nicotinic response and activation of L-type Ca 2ϩ channels occurs in deRPE cells but not in fully differentiated RPE cells.
In the present study, we observed that during RPE cell dedifferentiation, acetylcholine-induced Ca 2ϩ signaling was mediated not only by the muscarinic receptor but also by the nicotinic receptor. Naruoka et al. (16) reported that nicotine did not trigger [Ca 2ϩ ] i elevation in chicken RPE cells. In the present study, we detected a nicotine-dependent acetylcholine response only in deRPE cells but not in polygonal RPE cells; the nicotinic response was only detected during the processes of RPE cell dedifferentiation. We suggest that the EPF medium supplements, PTU and bFGF, likely induced expression of channel in RPE cells and promote RPE cell dedifferentiation. Taken together, our results strongly suggest that bFGF induces expression of nicotinic acetylcholine receptors and that activation of those receptors is coupled to activation of L-type Ca 2ϩ channels, during dedifferentiation of RPE cells. The results obtained from cultured cells in which L-type Ca 2ϩ channels were blocked with diltiazem have provided a hint of molecular mechanisms underlying RPE dedifferentiation. We suggest that activation of L-type Ca 2ϩ channels causes RPE cells to transform from an epithelial shape to nonepithelial and dedifferentiated shapes. Although our diltiazem-mediated channel blocking study cannot explain all the processes of RPE dedifferentiation, it constitutes an important breakthrough in the analysis of this dedifferentiation process. We suggest that non-L-type voltage-dependent Ca 2ϩ channels are expressed in deRPE cells (Fig. 7D) . In earlier manuscripts, King-Smith et al. (12) demonstrated that extracellular high K ϩ caused a Ca 2ϩ spike in isolated RPE cells of the green sunfish. Rosenthal et al. (23) reported that activation of L-type Ca 2ϩ channels induced vascular endothelial growth factor (VEGF-A) secretion in human RPE cells. Analysis of other coupled transmitter receptors and Ca 2ϩ channel modulators may provide further insight on the involvement of Ca 2ϩ channels in the function and differentiated phenotypes of RPE cells.
In conclusion, we suggest that expression and activation of both nicotinic acetylcholine receptors and L-type Ca 2ϩ channels are key events in the dedifferentiation and transdifferentiation of RPE cells. Our studies suggest that Ca 2ϩ optical imaging is a valuable technique for assessing cellular phenotypes in transdifferentiation systems and stem cell research. Because both RPE and deRPE cells typically express L-type Ca 2ϩ channels, we could not assess the involvement of L-type Ca 2ϩ channels in the nicotinic acetylcholine response only in deRPE cells using immunohistochemistry and RT-PCR. In addition to our blocking study with diltiazem, further studies using nicotinic acetylcholine receptor antagonists and L-type Ca 2ϩ channel blockers to inhibit RPE cell dedifferentiation may be required to elucidate the nicotinic acetylcholine response in vivo and in vitro.
